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Abstract

Based on 622 spectral measurements, a reconstruction approach for spectral power
distributions of daylight was proposed in 1964. This procedure allows to derive the spectral
power distribution of daylight illuminants from their chromaticity coordinates or correlated colour
temperature. It suggests that inexpensive sensors can be used to measure daylight and a
representation of colour characteristics of daylight can be done with just one single value,
without large errors. The reconstruction approach was adopted by the CIE, nonetheless,
emphasising that geographical and seasonal variations might exist. Up until today, these
variations are investigated in single studies. This paper includes a review of relevant
parameters that affect the reconstruction procedure and proposes a template for spectral
measurements, to be used in a large worldwide measurement campaign, to modify or
complement the existing CIE approach for reconstitution of daylight's spectral power
distribution.

Keywords: daylight locus, SPD reconstruction, spectral measurements, template

1 Introduction

Spectral power distributions of daylight have a characteristic profile, and even though daylight
might vary amongst different geographical locations, similarities can be found (Judd et al. 1964,
Hernandez-Andrés et al. 1998). Chromaticities of daylight lay on a curve more or less parallel
to the Planckian curve in the CIE x,y chromaticity diagram. Judd et al. proposed a method for
reconstruction of daylight spectral power distributions between 300 nm — 830 nm, using
characteristic vectors derived from 622 spectral sky measurements of skylight with and without
sunlight conducted in Rochester (US), Enfield (UK) and Ottawa (CA). This reconstruction
method was adopted by the CIE to represent the spectral characteristics of outdoor daylighting
conditions (Figure 1) (CIE 1967, CIE 2018), for x;, being within the range of 0,250 to 0,380 and
correlated colour temperatures between 4000 K and 25000 K. Each colour point on the daylight
locus is assigned a unique correlated colour temperature (CCT) and a specific spectral power
distribution (SPD).

CIE 15:2018 CIE 15:2018,
Annex A (A.4) j ,— eq.48&49 j’
A
u,v CIE 15:2018,
Xy (CIE 1960 UCS) Sl X0 eq. 4.10 & 4.11
I:g:egTEo rjl gl;g?g Daylight locus acc. Reconstructed
: ' CIE 15:2018, eq. 4.7 SPD

Figure 1 — Approach to reconstruct spectral power distributions (SPD)
from chromaticity coordinates (x,y) or correlated colour temperature (CCT)
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Reconstitution of an SPD from a CCT or colour point allows, for example, the use of inexpensive
colour sensors to obtain an approximate SPD without having to resort to spectroradiometers.
The then acquired spectrally resolved daylight data can be weighted with any weighting
function. This provides, for instance, opportunities for light dose measurements in daylight
studies in the determination of non-visual, ipRGC-influenced light (lIL) responses to daylight,
but also for lighting control systems that support these effects. It also offers possibilities on the
representation side. The daylight’'s SPD can be reflected in only one value, its CCT. This is
useful in the presentation of daylight conditions, as for example used in spectral sky models.
Again, spectrally resolved daylight data can be derived from this information and be evaluated
depending on the need or application.

However, it is known that the reconstituted SPDs for daylight illuminants are not just average
SPDs, but they are also subject to seasonal and geographical variations (CIE 015:2018). A
number of researchers confirmed with various daylight measurements, that local daylight loci
might deviate from the CIE daylight locus (e.g. Winch et al. 1966, Dixon 1978, Sekine 1991,
Kobayashi et al. 1996, Hernandez-Andrés et al. 2001-1, Hernandez-Andrés et al. 2001-2,
Rusnak 2014, Diakite et. al. 2018), of which a few are included in Figure 2. A deviation of the
daylight locus represents a shift in chromaticity, which is a result of the SPD, and thus affects
the reconstruction procedure. Some researchers evaluated the CIE reconstruction approach
and found local inaccuracies for both ends of the visual spectrum (Hernandez-Andrés et al.
1998, Chain 2004).
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Figure 2 — Daylight loci according to CIE 015:2018 and measurements
in Granada, Spain (Hernandez-Andrés et al. 2001-1) and Nagaoka, Japan (Sekine 1991)

As the short wavelength contribution is of specific interest for the IIL responses, the
reconstitution of SPDs as adopted by the CIE needs to be verified and extended. Hernandez-
Andrés et al. (1998) compared reconstruction proposals for SPDs by the CIE (based on 622
measurements collected by Judd et. al 1964), Sastri and Das (187 measurements in India,
published in 1968) and Dixon (290 + 240 measurements in Australia, published in 1978) using
252 daylight measurements conducted in Granada (Spain). The quality of reconstruction was
represented with the Goodness-of-Fit Coefficient (GFC). The evaluation showed that the CIE
reconstruction is better than those proposed by others, but still did not achieve optimal GFCs.

An evaluation of the CIE reconstruction approach was repeated with daylight measurements of
the Technische Universitdt Berlin. These measurements were also used to define a local
daylight locus as well as eigenvectors for a local reconstruction procedure.

The measurements were conducted at the daylight measuring site of the Technische Universitat
Berlin (52°31’ N, 13°20’ E, altitude 50 m), in an urban setting with medium height buildings and
a mixture of low luminous turbidity and polluted atmosphere (Aydinli et al. 2018, confirmed by
the occurrence of CIE General Sky Type 12 and Sky Type 13 under clear sky conditions,
reported in Diakite and Knoop 2019).
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Figure 3 — Daylight measuring site (left) and spectral sky scanner (right)
of the Technische Universitit Berlin

Spectral radiance measurements of skylight without direct sunlight were performed by a
custom-made spectral sky scanner with an array spectroradiometer (Zeiss Multi-Channel-
Spectrometer MCS CCD with a Hamamatsu back-thinned CCD) using a step size of
approximately 0,8 nm between 280 nm and 980 nm. With this device a complete scan of 145
sky patches according to Tregenza (1987) and CIE (1994) is scanned within one minute, scans
are carried out every two minutes from sunrise to sunset. The input optic has an aperture angle
of 10°. The measuring equipment was characterised (relative and absolute) in the laboratory of
the Technische Universitat Berlin, using a FEL lamp for the spectral, relative characterisation,
and a large uniform LED light source, with a prominent short-wavelength component in
combination with a calibrated luminance meter for the absolute characterisation (Knoop et al.
2017).

The spectral sky scanner measurements are performed since 2014 and are still ongoing. For
this paper, measurement data of 2015 and 2016 for a bandwidth of 380 nm — 780 nm were
analysed. This period of time included all seasons and weather conditions; clear, intermediate
and overcast skies (Diakite and Knoop 2019).

A selection of measurements from this period of time was made:

=

e The daylight measuring site’s horizon has very little obstruction,
nonetheless the lowest almucantar is not included in the
evaluation to reduce influences due to haziness and el
obstruction. ¥ kA

e To consider areas of the sky that are not exposed to direct
sunlight throughout the year regardless of the sun's position, a
selection of patches with north orientation was made (patches
70, 73, 76, 93, 96, 99, 118, 132, 142 according to Tregenza
2004, Figure 2a, p. 274, blue patches in figure to the right).

e Of the measurements from sunrise to sunset
- only measurements starting on the hour were included in the analysis, and
- measurements at times with a solar altitude angle y; <5° were left out, to exclude
measurement inaccuracies due to low signal level during sunrise and sunset (Chain 2004).

This resulted in 2559 scans with 22419 SPDs for 2015 and 2565 scans with 23085 SPDs for
2016 (Diakite et al. 2018).

A preliminary daylight locus for Berlin (Figure 5) and corresponding eigenvectors were
determined from the measurements in 2016 and validated with measurements from 2015. The
quality of reconstruction was evaluated by means of the GFC (equation 1), comparing
measurement data taken in Berlin in 2015 to reconstructed SPDs using the CIE015:2018
daylight locus and eigenvectors (based on Judd et al. 1964), as well as the preliminary Berlin
daylight locus and eigenvectors. Examples are shown in Figure 4. A significantly higher mean
GFC was achieved by the optimised reconstruction method (Diakite et al. 2018). The daylight
locus for Berlin mainly deviates from the CIE daylight locus at high correlated colour
temperatures. This confirms findings of other daylight measuring sites, even though not all in
the same direction, as can be seen from Figure 2 and Figure 5.
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Figure 4 — Examples for measured SPDs and the reconstructed SPDs using the CIE approach
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Figure 5 — Preliminary daylight locus for Berlin, in comparison to the CIE daylight locus

Practically this means, for example, that it is not clear if an appropriate assessment of IIL effects
can be derived from measurements with colour sensors or CCT values from spectral sky
models, using the current CIE approach to reconstitute SPDs.

2 Development of a measurement template

To investigate both geographical and seasonal variations, a large worldwide measurement
campaign is planned. According to Henderson (1977) daylight loci should be based on a
homogeneous data basis. To collect measurement data from different project partners, it is
important to document relevant parameters and define the measurement procedure. For this, a
documentation and measurement template is drawn up. The relevant parameters to document
are partly obtained from a literature review, partly based on an analysis of spectral daylight
measurements.

2.1 Summary of the literature review

From a literature review, looking into papers on spectral daylight measurements which were
conducted in the past 60 years (paper available on request), following possible relevant
parameters to document were deduced:

Type of measurement: Hernandez-Andrés et al. (2001-1, 2001-2) proposed different daylight
loci depending on the type of measurement or assessment. One local daylight locus for global,
hemispheric, spectral irradiance, including both skylight and combinations of skylight and
sunlight, another local daylight locus for spectral radiance, derived from 3° narrow field-of-view,
patch, measurements. Dubnicka et al. (2017) propose two distinct daylight loci as well, based
on patch measurements, but reflecting an assumed difference between spectral irradiance and
spectral radiance (Figure 7).
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Detector orientation: A number of researchers, who conducted patch or integral spectral
measurements towards one or more orientations, most of them with an orientation turned away
from the sun, inclined by 45°, report local bandwidths for CCTs varying in a range from
approximately 4000 K to 100 000 K (e.g. Nayatani and Wyszecki 1963, Collins 1965, Winch et
al. 1966, Sastri and Das 1968, Hernandez-Andrés et al. 2001-1). Horizontally positioned
integral measurements cover a much smaller CCT bandwidth (e.g. Henderson and Hodgkiss
1964, Collins 1965). The impact of orientation on SPDs was not analysed.

Atmosphere: According to Hisdal (1987) and Peyvandi et al. (2016), ozone absorption, optical
thickness and cloud cover has an impact on the SPD of daylight. Especially the UV part of the
SPD is significantly affected by the length of the path through the atmosphere, and variations
related to season and geographic location can be found (e.g. Kok et al. 1978, Dixon 1978).

Spectral range and spectral resolution were evaluated by Hernandez-Andrés et al. (1998),
who concluded that the spectral range has an impact on the GFC of the spectral reconstruction,
and the spectral resolution should be minimum 5 nm, instead of the current 10 nm. No seasonal
variations in daylight chromaticities were found in one-year measurements (Hernandez-Andrés
et al. 2001-2). There is no confirmation that local terrain colour is of importance (Hernandez-
Andrés et al. 2001-2), which is suggested by Sekine (1991).

2.2 Outline of the measurement analysis

To obtain a homogeneous data basis it is proposed to document measurement details, to be
able to adopt (local) daylight loci or include modifications in the CIE daylight locus, for
parameters relevant to the SPD of daylight. The literature review indicated that type of
measurement and atmospheric characteristics could have an impact on the collected data. The
measurement analysis therefore addressed the impact of the sensor’s field-of-view and
orientation and solar altitude. It also included weather condition, representative for cloud cover,
to account for possible other atmospheric related aspects, even though no significant impact of
weather condition on global spectral irradiance measurements was found in the literature
reviewed. The analysis build upon further evaluation of the 2015 measurements, conducted as
described in the introduction, considering these parameter (Table 1).

Table 1 — Measurement analysis overview

Type of Direction Solar CIE Sky Period of Data Exemplary
measurement (cf Figure 8) | altitude | Type time sets results in
Spectral radiance, | Zenith ys > 15° | Clear sky February & 1218 Figure 7
opening angle 2° April 2019 (602 +
(patch) 616)
Global spectral
irradiance, 180°
Spectral radiance, | 145 (zenith) ys > 15° | CIE Sky 3 2015 19398 Figure 8
opening angle 10° | 11¢ overcast sky (6470 +
045 CIE Sky 12 6458 +
clear sky 6470)
Spectral radiance, | 145 (zenith) | ys <15° | CIE Sky 12 2015 6016 Figure 10,
opening angle 10° | 118 ¥ > 15° | clear sky (3076 + | Figure 9
2940)
Spectral radiance, | 145 (zenith) | y, > 15° | CIE Sky 3 2015 7482 Figure 11
opening angle 10° overcast sky (6012 +
CIE Sky 12 1470)
clear sky
Spectral radiance, | 145 (zenith) ys > 15° | CIE Sky 12 Winter 2015 1577 Figure 12
opening angle 10° | 118 clear sky (Jan — March) | (689 +
Summer 2015 | 888)
(June — Aug)
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Whereas most measurements used in this analysis were performed by the spectral sky scanner,
the study investigating the difference between patch measurements and global measurements
were conducted by means of spectroradiometer (specbos 1201 by JETI Technische
Instrumente, Figure 6), calibrated in 2015, and characterised with a luminance standard at the
start of the measuring series for this study. The spectroradiometer measures spectral radiance
(opening angle 2°) or spectral irradiance with a diffusor and appropriate cosine correction.

Figure 6 — Set-up for spectral global (left) and patch (right) measurements
2.2.1 Representation of selected measurements
A graphical representation of preliminary results is presented in Figure 7 to Figure 12. Statistical

analysis of the data is not concluded yet. The results of the analysis will be used to formulate
and refine the recommendations for spectral measurements in the template.
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Figure 7 — Examples for daylight loci derived from global spectral irradiance measurements
and from spectral radiance patch measurements (Granada - left, Bratislava - middle)
and global and patch measurements obtained in Berlin (right)
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Figure 8 — Impact of 10° detector direction: Zenith patch (nr. 145) measurements
compared to patch 118 and patch 45 measurements (left), trend lines for patches (middle),
location of patches (right)
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Figure 9 — Examples of SPDs for times
with a solar altitude lower than 15° (left) or higher than 15° (right)
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Figure 10 — Impact of solar altitude: Chromaticity coordinates (x,y) of a selection of
measurements throughout 2015 (CIE Sky Type 12, zenith patch and patch 118)
for times with a solar altitude lower than 15° (left) or higher than 15° (right)
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Figure 11 — Impact of sky type: Clear sky (CIE Sky Type 12) measurements
compared to overcast sky (CIE Sky Type 3) measurements
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Figure 12 — Impact of season: Winter measurements compared to summer measurements
for zenith sky patch 145 (left) and sky patch 118 (right) (refer for position Figure 8)

2.2.2 Analysis

The initial graphical analysis of measurements collected at the daylight measuring site of the
Technische Universitat Berlin shows relevant parameters to consider in the data collection to
obtain information about geographical and seasonal differences, even though statistical
analysis of the data is required to define the measurement protocol parameters in more detail.
It indicates that solar altitude (Figure 10) and detector inclination (Figure 8, left and middle) for
patch measurements are relevant parameters. Further analysis could be required to define
whether global and patch measurements can be combined or need to be treated separately, as
the results in this analysis do not confirm the findings of Hernandez-Andrés et al. (2001-1, 2001-
2) and Dubnicka et al. (2017) (Figure 7). Either way, the literature review and measurement
analysis showed that the use of patch measurements, zenith or facing away from the sun, is
recommended. With these measurements the required CCT bandwidth and thus SPDs to derive
a local daylight locus and reconstruction approach is achieved. Sun facing and horizontal
integral measurements will be predominated by the direct sunlight, reducing the CCT bandwidth
and thus not offering the full range required to determine a local daylight locus (cf Figure 7,
right). Integral measurements turned away from the sun could be included, but should be well
shielded for ground reflection, and the contribution from the area close to the horizon should
be excluded, as it could affect the measurements (Figure 8). A differentiation in daylight loci for
solar altitude ranges and almucantar ranges could be taken into account. Nonetheless, practical
application and the relevance of an increased accuracy in the determination of, for example, IIL
responses to daylight needs to be considered, and will be included in future research.

Whereas the CCT occurrence might vary for different seasons and different sky conditions
(Collins 1965, Rusnak 2014, Diakite and Knoop 2019), the first analysis of measurements
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indicates that there is no seasonal nor a weather dependancy in the trend of the local daylight
locus (Figure 11, Figure 12). The latter simplifies the documentation of measurements for the
daylight locus and reconstruction evaluation, as prevailing sky type, typically derived from
luminance measurements or cloud cover maps, is not an essential parameter to document.

Resulting, patch measurements, sky scanner measurements and a selection of integral
measurements can be combined in a measurement campaign, when at least the recording date
and time of day is included.

3 Template

This study will be concluded with a proposal for documentation and measurement to be used in
measurement campaign, planned to modify or complement the existing CIE approach for
reconstitution of daylight's spectral power distribution. This template can be found online
(https://www.li.tu-berlin.de/menue/equipment/dms/indoor_daylight/template/) and will be
updated after discussion at the conference. This documentation fits spectral radiance
measurements conducted in a specific direction or collected by spectral sky scanners. It
includes a template for the description of the measuring site, measuring equipment and
measurements performed, as well as a template for data acquisition.
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